The retinal pigment epithelium (RPE) is a single layer of cells that supports the light-sensitive photoreceptor cells that are essential for retinal function. Age-related macular degeneration (AMD) is a leading cause of visual impairment, and the primary pathogenic mechanism is thought to arise in the RPE layer. RPE cell structure and function are well understood, the cells are readily sustainable in laboratory culture and, unlike other cell types within the retina, RPE cells do not require synaptic connections to perform their role. These factors, together with the relative ease of outer retinal imaging, make RPE cells an attractive target for cell transplantation compared with other cell types in the retina or central nervous system. Seminal experiments in rats with an inherited RPE dystrophy have demonstrated that RPE transplantation can prevent photoreceptor loss and maintain visual function. This review provides an update on the progress made so far on RPE transplantation in human eyes, outlines potential sources of donor cells, and describes the technical and surgical challenges faced by the transplanting surgeon. Recent advances in the understanding of pluripotent stem cells, combined with novel surgical instrumentation, hold considerable promise, and support the concept of RPE transplantation as a regenerative strategy in AMD.
Introduction
Age-related macular degeneration (AMD) is the leading cause of visual impairment in the developed world. 1 The prevalence increases with age and AMD affects up to one third of those aged over 75 years. 2 Recent advances in anti-Vascular Endothelial Growth Factor (anti-VEGF) therapy for AMD have revolutionised the management of neovascular AMD (nvAMD). 3, 4 However, initial enthusiasm for this therapy has been dampened by the realisation that up to one fifth of patients treated for nvAMD will develop geographic atrophy, 5 resulting in visual impairment due to loss of photoreceptor cells. Therefore, therapy to combat the development of dry AMD as well as nvAMD is needed. At present there is no effective treatment for dry AMD, which is the more prevalent form of the disease. 6 As the primary pathogenic process in AMD appears to occur within the complex of the retinal pigment epithelium (RPE), Bruch's Membrane (BrM), and choriocapillaris, a logical approach would be to repair the RPE via either transplantation or translocation of RPE cells.
The RPE consists of a monolayer of highly specialised cuboidal cells that lie between BrM and the outer neurosensory retina (see Figure 1 ). When viewed from above the cells appear hexagonal, and are joined together by tight junctions (zonulae occludentes), which block the free passage of ions and water. The RPE is therefore the second site of the blood retinal barrier, the first site being the capillary endothelium of the retinal vessels. The most important function of the RPE is the regeneration of bleached opsins, which occurs in the RPE cell cytosol. The RPE has a number of other essential roles including phagocytosis, transepithelial transport, secretion of growth factors, absorption of light, and protection against photo-oxidation. 7 The polarity of the RPE cell is essential for ion transport. The intercellular tight junctions establish a strong barrier between the subretinal space and the choroid, such that paracellular resistance is 10 times higher than transcellular resistance. 8, 9 The high metabolic activity of the photoreceptors leads to the generation of a large amount of water and the intraocular pressure causes a net flow of water through the retina from the vitreous. 7 By transporting ions and water from its apical side to its basolateral surface, the RPE cell ensures the removal of water from the subretinal space but also establishes an adhesive force between the retina and the RPE. 7 When considering the RPE as a layer, rather than individual cells, it is evident that the ability to perform its many functions is reliant on two factors. First, the RPE layer must be a confluent monolayer, with intercellular tight junctions. Second, the cells must be polarised. Both of these factors are therefore reliant on the RPE basement membrane, which itself forms the innermost layer of BrM, an acellular structure first described in 1844 but characterised in detail in 1961 by Hogan. 10 BrM has five distinct layers: RPE basement membrane; inner collagenous layer; elastin layer; outer collagenous layer; and the basement membrane of the choriocapillaris. BrM has three main functions: to regulate diffusion between RPE and choroid; to provide physical support for RPE adhesion, migration and, possibly, differentiation; and to create a barrier between retina and choroid, thereby preventing cellular migration from one tissue to the other. During the development of RPE transplantation techniques, the importance of BrM has perhaps been overlooked, which may account for the limited success thus far.
RPE transplantation
Human RPE cells were first isolated and characterised over 30 years ago. [11] [12] [13] RPE cell structure and function are well understood, the cells are readily sustainable in culture under laboratory conditions, and unlike other cell types within the retina, RPE cells do not require synaptic connections to perform their role. These factors, together with the relative ease of imaging with ophthalmoscopy and optical coherence tomography (OCT) scanning, make RPE cells an attractive target for cell transplantation compared with other cell types in the retina or central nervous system. Compared with other forms of cell replacement therapy, the number of cells required for a given lesion site is relatively small. 14 RPE replacement would prevent secondary photoreceptor degeneration, thereby preserving visual function.
Seminal experiments by Li and Turner 15 used the Royal College of Surgeons (RCS) rat, an animal model of retinal dystrophy, to demonstrate proof of principle of RPE transplantation. The inherited retinal degeneration within the RCS rat was first discovered in 1938 but it was only in 1962 that Dowling and Sidman 16 discovered an accumulation of outer segments on electron microscopy, suggesting abnormal phagocytosis by the RPE. In 2000, D'Cruz et al 17 discovered that the RCS strain had a defect in the merTK gene and is therefore unable to produce RPE cells that phagocytose shed rod outer segments; this results in photoreceptor death and degeneration of the neurosensory retina within 2 months. However, Li and Turner 15 demonstrated that subretinal injection of healthy RPE cells allows preservation of the outer nuclear, outer plexiform, and photoreceptor layers. Since then, successful RPE transplantation has also been demonstrated in RPE65 knockout mice that are unable to isomerise all-trans-retinal to 11-cis-retinal. 18 Surgical strategies to allow RPE transplantation in humans arose primarily from the absence of effective treatments for nvAMD prior to the development of Figure 1 (a) Healthy RPE: healthy RPE exists as a polarised monolayer with tight junctions (green). Melanin is located in the apical cytoplasm and acts to absorb scattered light, thereby improving the optical quality of the eye. Microvilli on the apical RPE membrane interdigitate with the photoreceptors (rods shown in blue; cones shown in yellow). Microvilli allow phagocytosis of the shed photoreceptor outer segments and recycling of the visual pigments. The tight junctions ensure that the RPE can maintain its function as the outer blood retinal barrier. Bruch's membrane (BrM) is a pentilaminar structure; the innermost layer of BrM is formed by the basement membrane of the RPE. The outer layer of BrM is formed by the basement membrane of the choriocapillaris (CC). Breaches of BrM lead to growth of choroidal vessels into the sub-RPE and subretinal space, known as choroidal neovascularisation. (b) RPE degeneration in AMD: BrM is thickened, impairing diffusion between the choriocapillaris and the neurosensory retina. Drusen are clinically visible deposits that occur beneath the RPE. RPE cell death occurs, and there is loss of tight junctions between the remaining RPE cells, resulting in a discontinuous cell layer. These changes all lead to secondary photoreceptor cell loss, resulting in visual impairment.
anti-VEGF intravitreal injections. Submacular surgery aimed to remove the subfoveal choroidal neovascular membrane (CNV) and any associated haemorrhage, and the first randomised controlled trial to evaluate this technique, the Submacular Surgery Trial, was initiated in 1998. However the visual outcomes were poor and this disappointing result was attributed to mechanical removal of the RPE at the time of CNV excision. 19 Since then, three approaches to RPE transplantation have been attempted:
Macular translocation
Macular translocation is a procedure in which the neurosensory retina is surgically detached, rotated, and reattached so that the macula, and in particular the fovea, is repositioned from an area of diseased RPE to an area of healthy RPE. 20 Therefore, although the RPE itself is not moved, macular translocation surgery can be regarded as a functional RPE transplantation. This procedure can confer long-term visual stability, and in a significant proportion of patients leads to an improvement in both visual acuity 21 and quality of life. 22 Of interest, in a series of seven patients undergoing macular translocation for nonexudative AMD, new geographic atrophy was reported in the new subfoveal RPE of one patient. 23 All patients undergoing macular translocation require further surgery to reposition extraocular muscles to prevent intractable torsional diplopia and the large retinotomies can have significant complications including retinal detachment, proliferative vitreoretinopathy (PVR), macular pucker, and macular hole. 21 Owing to the high rate of complications, macular translocation surgery has been abandoned by clinicians.
Autologous RPE-choroid patch graft
Numerous investigators have attempted autologous RPE sheet transplantation, with the aim of using healthy peripheral RPE, on a bed of BrM and partial thickness choroid, and moving the multilayered patch graft to the submacular space. Peyman et al were the first to describe this technique, and report two patients who underwent vitrectomy and CNV excision, combined with RPE transplantation. Visual acuity improved in the patient that received an autologous pedicle RPE graft, while the patient that received RPE and BrM transplant from an enucleated donor eye did not improve. 24 Stanga et al operated on six patients, and performed vitrectomy and CNV excision with translocation of RPE/BrM from the paramacular area to the subfoveal space. Using a small retinotomy, they fashioned a free RPE/choroid graft in five patients and a pedicled RPE/choroid graft in one patient, followed by air fluid exchange, and face down posturing. Four of the six patients could detect a fixation target projected onto the fovea overlying the translocated RPE, although none of the patients showed any improvement in visual acuity. Three out of six patients experienced significant complications, including subretinal bleeding, PVR-related total retinal detachment, and insertion of an upside-down RPE graft. 25 Later studies used grafts from the mid peripheral retina, rather than from the edge of the macular RPE defect.
Van Meurs et al also used an internal approach in six patients undergoing subfoveal CNV excision with transplantation of a full thickness patch of RPE and choroid from under the peripheral retina, to the subfoveal space, to cover the excision site. 26 Four of the six patients showed improvement in visual acuity but this technique still carries with it a significant risk of intraocular haemorrhage, retinal detachment, and PVR. Van Meurs' group recently published the long-term outcomes of 133 patients who underwent CNV excision followed by autologous RPEChoroid grafting. The postoperative PVR rate in this cohort was 10%. The visual acuity outcomes overall were modest but four years after surgery, 5% of patients had Best Corrected Visual Acuity [BCVA] better than 20/40. 27 
Submacular injection of RPE cell suspension
In a series of 14 eyes, Binder et al performed pars plana vitrectomy, and created a retinotomy nasal to the optic disc to allow formation of a subretinal bleb. Using a blunt instrument, RPE cells from this area were mobilised, aspirated into a micropipette, and then transplanted over an RPE defect in the macula, 28 but the dissociated RPE cells were unable to attach to the damaged BrM under the fovea. However, RPE cells from the extramacular site in the peripheral retina were able to restore RPE continuity, because of their ability to divide and adhere to undamaged BrM. This observation suggests that it is the damaged host BrM that is the limiting factor for adherence of isolated cells, and not the age of the RPE donor cells. Furthermore, in vitro studies have shown that embryonic RPE cells can adhere to normal, but not aged, BrM from post-mortem specimens. 29 These age-related changes in BrM also represent one of the critical differences between human subjects and laboratory animals in which many of the successes of RPE transplantation experiments have been reported, because the latter are generally young and have a healthy BrM. 15, 30, 31 The inference from these findings is that successful RPE transplantation for AMD must take replacement of BrM into consideration. 32 
Surgical challenges to RPE transplantation
In his editorial, Gouras and Lopez 33 noted that the greatest challenge in human RPE cell transplantation lies in the microsurgical technology to enable subretinal surgery. This review will evaluate the challenges facing by the vitreoretinal surgeon and will address four main areas:
K Sources of donor RPE cells K Types of surgical instrumentation K Prevention and control of PVR and recurrent retinal detachment
Surgical approach: external vs internal
The first description of RPE transplantation was by Gouras et al, who transplanted cultured 3 H thymidinelabelled human RPE cells on to denuded BrM in owl monkeys. 34 The investigators used an open-sky technique: the cornea was removed, and the globe was open for the duration of the procedure. As a result, the investigators experienced difficulties reattaching the neurosensory retina. 34 Following modification of the technique to a closed-eye method, consisting of pars plana vitrectomy, retinotomy, and delivery of cells through a pipette, early spontaneous retinal reattachment was achieved. 35 In both of these studies, donor RPE cells successfully attached to BrM and some phagocytosis of photoreceptor outer segments could be demonstrated. Following this, a number of investigators have continued to use an internal transvitreal approach, involving pars plana vitrectomy, whereas others favour an external approach involving dissection of posterior sclera and transsclerochoroidal subretinal injection of RPE cells. The external approach was first described in the human eye in 1975 by Peyman et al, 36 who performed a scleralchorioretinal biopsy in a patient with suspected malignant melanoma. Choroidal haemorrhage was avoided by extensive diathermy but moderate vitreous loss occurred through the wound. This technique was subsequently adapted for RPE collecting in pigs 37 and rabbits. 38 However, several investigators have utilised an internal approach in humans, consisting of pars plana vitrectomy, surgical excision of subfoveal CNV, followed by translocation of dissociated RPE cells 28 or an RPE/BrM/choroid graft, [24] [25] [26] either free or pedicled.
The external approach is preferable in animal studies, especially in rodents, where the globe is small, the lens is large, and there is no true vitreous cavity to operate within (see Figure 2) . 39 However this technique not only requires rupture of BrM but also causes choroidal trauma, leading to the risk of severe intraocular or suprachoroidal haemorrhage, and may possibly lead to inflammation and immune responses that would not occur with the transvitreal approach. In larger eyes, the internal surgical approach is considerably easier. Wongpichedchai et al 38 compared the external vs internal approaches in rabbits, and noted that although similar results were achieved, access to the posterior pole using the external approach was difficult, and required disinsertion of a rectus muscle. In contrast, pars plana vitrectomy is a commonly performed procedure in the developed world, with an estimated 100 000 procedures performed in the USA each year, 40 and around 20 000 in the UK. 41 Therefore, the internal approach may be more appropriate for the human eye, allowing use of existing surgical skills, experience and instrumentation.
Sources of cells
Although the aim of cell transplantation is to restore RPE function and prevent photoreceptor loss, the transplanted cells do not necessarily need to be RPE cells. Subretinal injection of iris pigment epithelial (IPE) cells, 42 Schwann cells, 43 human central nervous system stem cells, 44 and umbilical cord cells 45 all facilitate photoreceptor rescue in the RCS rat. Transplanted cells may be primary cells that have been collected immediately before transplantation, or can instead be cultured in vitro prior to transplantation. Alternatively, a transformed RPE cell line such as ARPE-19 or h1RPE-7 can be used, although these tend to be utilised only for experimental purposes because of the risk of teratoma formation in vivo. From the point of view of the transplanting surgeon, the original source of the cell is not as important as the technical aspects of collecting and delivery. Therefore, many types of cell sources can be used to produce a pure cell culture in vitro, but to the vitreoretinal surgeon what is more pertinent is whether the cells are to be transplanted as a cell sheet or as a suspension. From the surgical point of view, cell sources can be divided into three types:
K Autologous RPE cells (discussed in the previous section)
K Autologous IPE cells K In vitro cultured allogenic cells
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Autologous IPE cells IPE cells are a source for autologous cell transplantation because they are similar to RPE cells but are much easier to collect. 46 Surgical iridectomy is a relatively straightforward procedure and iridectomy specimens have been successfully used to produce dissociated IPE cells that can be propagated in culture. 47 RPE and IPE cells are derived from the same embryonic cell line, and both cell types have apical/basal polarisation, microvilli, and tight junctions that serve as a barrier to regulate the passage of ions and small molecules and to restrict diffusion of membrane lipids and proteins. Importantly, RPE and IPE tight junctions are morphologically similar. IPE cells can survive for up to 20 weeks in the subretinal space of rabbits 48, 49 and in vivo phagocytosis of photoreceptor outer segments of RCS rats has also been demonstrated. 50 Gene expression in IPE cells differs from that of RPE cells. Gene expression for intra-and extracellular retinal binding proteins, which are essential for metabolism of the visual pigments, is lower in IPE cells than RPE cells. 51 In vitro, IPE cells are able to phagocytose photoreceptor outer segments but are less able to degrade them compared with RPE cells. 52 The level of expression of mRNA of VEGF is also lower in IPE cells than in RPE cells, 53 but it has been suggested that this may in fact make IPE cells more suitable than RPE cells for subretinal transplantation, especially in cases of exudative AMD where presence of VEGF can stimulate recurrence of CNV. 46 46 Ex vivo cell sheet expansion prior to transplantation For nonautologous transplants, donor RPE cells can be removed from an enucleated eye cup either by using trypsin digestion for the collection of a cell suspension, or alternatively, dispase can be used to separate the basement membrane from the RPE monolayer, thereby allowing harvest of an intact RPE cell sheet. 20 Authors who have utilised foetal human RPE cells have cultured the cells in vitro prior to surgical injection. Gouras et al 54 excised a 0.6-mm RPE monolayer patch from foetal human RPE cells cultured in vitro, and by aspiration into a glass pipette were able to deliver the patch into the subretinal space. Primary cell cultures have a limited lifespan because after a number of population doublings (known as the Hayflick limit), cells undergo senescence and stop dividing. This is beneficial because while the cells retain viability there is very little risk of nonregulated growth. 55 Transformed RPE cells can be defined as cell lines that have either spontaneously or deliberately acquired genetic modifications that lead to a state of unregulated growth. They are useful in cell culture because they show long-term stability in vitro. RPE cell transformations can occur spontaneously, such as with the ARPE19 and the D407 cell lines, 56,57 but may also be genetically engineered for example, H1RPE7. 58 RPE cells can also be genetically modified to alter some other aspect of their behaviour, so that they either express a marker (eg. Green Fluorescent Protein (GFP)-labelled RPE) or modify gene expression. However, after repeated passage it has been established that these adult human cell lines can dedifferentiate and lose their morphology and RPE gene expression, and express neuronal cell markers instead. 59, 60 Figure 2 (a-c): Schematic diagrams of (a) human eye (b) mouse eye and (c) rabbit eye (shown to scale). Retinal surgery in the human eye is facilitated by the large vitreous cavity. Following surgical pars plana vitrectomy, a subretinal bleb can be created with a 41-gauge cannula, to create a space for the transplanted RPE. The mouse eye (b) is an unsuitable experimental model not only because the eye is so small (axial length approx. 3 mm) but also because the lens is large and spherical and occupies most of the space within the globe. The vitreous cavity in the mouse eye is small and an epiretinal approach to RPE transplantation following pars plana vitrectomy is impossible. In contrast, the rabbit eye (c) is only slightly smaller than a human adult eye, and there is sufficient space within the vitreous cavity to allow pars plana vitrectomy and induction of a subretinal bleb. While the rabbit lens is larger than a human lens, intraoperative lens touch can be avoided with careful surgery. The rabbit eye is therefore an excellent model for RPE transplantation techniques.
Pluripotent stem cells
The use of stem cell technology holds promise as a novel source of cells for transplantation in AMD and other degenerative diseases. Stem cells are able to self-renew indefinitely, while maintaining a stable undifferentiated state, but are pluripotent and can, therefore, differentiate into any cell type in the body (except into placental cells). 61 Human embryonic stem cells (hESCs) can be isolated from the inner cell mass of the human blastocyst at approximately five days post fertilisation. These cells can then be maintained indefinitely under defined conditions in vitro, as pluripotent cells, and, when required, can be differentiated into RPE cells. 62 Using hESC-derived RPE, Lu et al have demonstrated photoreceptor rescue and sustained cell function in the RCS rat. The first use of hESC-derived RPE cells in human patients was described by Schwartz et al, in one patient with Stargardt's macular dystrophy and another with dry AMD. 63 Initial results show no significant improvement in visual function, but do suggest a good safety profile. The use of hESC for RPE transplantation not only entails ethical obstacles, but also carries a risk of immune rejection, especially, as surgical trauma is likely to compromise the blood retinal barrier and the immune privilege status of the subretinal space.
The difficulties associated with hESC can be overcome with the use of induced pluripotent stem cells (iPSCs). This technology was first described in 2006 by Yamanaka, who was awarded the 2012 Nobel Prize for his work. 64 This technique uses viral vectors to insert four key genes into the DNA of any mature somatic cell, which then causes reprogramming of the cell into a stem cell capable of producing any cell lineage of the three germ layers.
The intrinsic attraction of iPSC technology is not only the avoidance of the ethical issues of using embryonic cells, but also that iPSC-derived cell transplantation would obviate the need for continual immunosuppression. In a model scenario, tissue would be obtained from a somatic cell of the patient with AMD, the cells would be reprogrammed to a pluripotent state, and then differentiated into RPE cells and expanded in vitro, prior to transplantation. Autologous transplantation of iPS-derived RPE cells, without any artificial scaffold, into a nonhuman primate showed no immune rejection or tumour formation. However, the immunogenicity of iPSC has not been well studied and while they certainly have an advantage over ESC, there is some evidence that iPSC derivatives can induce T-cell-dependent immune responses even in genetically identical organisms. 65 Rather than simply being used as a regenerative source, the use of iPSCs in combination with gene therapy may enrich their therapeutic potential. Autologous iPSCs could be screened for common genetic mutations that could then be corrected in vitro by gene therapy. Cells would then be differentiated into RPE cells before surgical transplantation. Assuming that sufficient photoreceptors remained functionally intact, this could allow a diseasefree phenotype to be maintained, but this tandem technique relies on complete elimination of any diseased host cells prior to transplantation. 66 A significant concern associated with the use of iPSC technology is the risk of tumorigenicity. The four key genes used by Yamanaka all code for transcription factors: c-Myc, Sox2, Oct4, and Klf4. Of these, c-Myc is known to be an oncogene and the remaining factors have been implicated in tumorigenicity. Yu et al have demonstrated that a different combination of transcription factors-Oct4, Sox2, Lin28, and Nanog-can also induce pluripotency in human somatic cells, but Nanog is also known to be expressed in some tumours, and can promote breast cancer tumorigenesis and metastasis. 67 The iPSC technology uses viral DNA that could incorporate itself into the genome of the somatic cell and potentially cause harm. However, an approach that uses nonintegrating adenoviruses, could avert the cancer risks of iPSCs, and no tumours have been observed in mice derived from integration-free iPSCs up to 20 weeks of age. 68 However, exclusion of these oncogenic factors has a significant and detrimental effect on reprogramming efficiency and it is unknown whether reprogramming itself may lead to tumorigenesis. 69, 70 In 2014, Obokata reported that strong external stimuli, such as a transient low-pH stressor, can generate pluripotent stem cells without the need for transcription factor integration into the genome, has generated much excitement and controversy. This cellular reprogramming, known as stimulus-triggered acquisition of pluripotency (STAP), has not been reproduced despite fervent attempts by several other groups 71, 72 and the original paper has since been retracted. 73 The observation by the original authors that STAP cell technology only seems to work on freshly collected cells from the early postnatal period suggests that this technology, even if reproducible, is unlikely to be of major benefit, and would certainly preclude its use for patients with AMD.
Surgical instrumentation

Removing residual RPE
A number of investigators have used animal models to determine the effects of removing the residual RPE prior to transplantation. Lopez et al used a diamond dusted needle but subsequent histological examination revealed numerous inadvertent breaks in BrM, resulting in cellular proliferation from the choroid into the subretinal space. 35 
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This group therefore reverted to removing host RPE with the force of the subretinal fluid injection. However, this is also not ideal because the RPE is not removed, it simply remains attached to the underside of the neurosensory retina, thereby creating a different plane of separation. Following transplantation the host RPE lies between the transplanted cells and the photoreceptors.
Wongpichedchai et al used 100 μl of 0.02% ethylenediaminetetraacetic acid (EDTA) to create subretinal blebs in rabbits. The EDTA was then aspirated, bringing RPE cells with it. These cells were of sufficient number to achieve in vitro culture. 38 Stanzel et al have recently reported use of a 0.1 mm prolene loop to facilitate RPE removal. In a rabbit model, an area of 2.5 mm × 1.5 mm was treated with a single forward and backward stroke. This area was later found to be 70% devoid of RPE cells, although a few miniscule BrM lacerations and choriocapillaris blood clots also occurred. A thinner, more flexible prolene loop was less effective, as was a 0.1 mm metal wire, which also caused intraoperative subretinal haemorrhage. 74 
Delivery of an RPE cell suspension
In their seminal experiments with the RCS rat, Li and Turner used a blunt needle to deliver a suspension of RPE cells into the subretinal space, via a transsclerochoroidal route. 15 Lopez et al performed surgery in rabbits and were able to pass a glass cannula with an internal diameter of 100 μm through the pars plana, and then create a small subretinal bleb via a retinotomy. 35 The diameter of their glass cannula is similar to that of a 41-gauge needle, which is now used widely for formation of a localised retinal detachment during vitrectomy.
Similar to the methods of Lopez et al, Gouras and coauthors used a glass cannula to deliver RPE cells into the subretinal space in patients with dry AMD. 54 They used the cannula to deliver either a cell suspension, or to deliver a patch transplant of cultured human foetal RPE. Although their attempts to inject an RPE cell suspension were largely successful, they were dissatisfied with the subretinal patch graft technique. The 0.6-mm diameter circular graft would fold in the subretinal space, and on histological examination the outer nuclear layer tended to be thinner over the folded RPE graft than when the photoreceptors were adjacent to a single (unfolded) RPE layer. Gouras et al did not use a BrM substitute and were simply cutting a circular patch of an RPE monolayer grown in tissue culture. The use of a BrM substitute would not only improve the chances of preventing photoreceptor degeneration but has the added advantage of providing some stability and rigidity to the graft.
Wongpichedchai compared internal and external approaches of RPE transplantation in rabbits, and identified differing challenges. For the external approach disinsertion of a rectus muscle was necessary to access the posterior pole. For the internal approach, a micropipette with an internal diameter of just 60 μm, drawn from glass, was used to induce a subretinal bleb. The micropipette was advanced vertically through the pars plana incision, to avoid trauma to the large crystalline lens in the rabbit eye. To ensure precise placement of the tip, and controlled injection of the RPE cell suspension, an electronic injection microsyringe manipulator was utilised. This ensured that at the point of the retinotomy, the cells were injected no more than 200 μm deep to the inner retinal surface, and were injected at a constant controlled rate. 38 Similarly, Weichel used a manual oil-hydraulic microinjection pump to achieve controlled subretinal infusions of RPE cells. 75 
Delivery of a patch graft
Maaijwee et al 76 have done considerable work investigating different types of instrumentation for use with grafts of RPE-BrM-partial thickness choroid. The group compared traditional grasping forceps with an aspiration-reflux cannula manufactured by DORC, similar in design to the instrument utilised by Thumann et al, but found that the main difficulty with both methods was ensuring release of the graft once the tip of the instrument was in the subretinal space. To combat the friction between the graft and the carrier platform of the aspiration-reflux instrument, Maaijwee performed several laboratory experiments demonstrating that the ability to make the instrument vibrate, utilising either the linear motor of a loudspeaker, or the vibration function of a mobile phone, would allow successful dislodgement of the graft. These techniques are yet to be used in clinical or surgical practice. The same group have investigated the use of a microscale thermal tissue gripper which utilises heat induced attachment and detachment of the graft. 77 Using chicken meat for experimental purposes, a greater than 90% success rate for graft attachment/detachment was observed. Owing to the small contact area of the instrument with the tissue, visible tissue damage was limited to only 0.005 mm 2 .
Thumann et al used a custom-made device to deliver an RPE cell sheet. 42 The device consists of a perforated carrier platform, attached to a syringe which exerts a vacuum on the under surface of the graft, thereby preventing it from becoming dislodged. The platform is then covered by a second cannula, protecting the RPE cells from damage or dislodgement when introduced into the eye. Once the instrument tip was in the subretinal space, the second cannula was pulled back and a small amount of pressure was placed on the syringe plunger, allowing release of the graft. A modified version of the instrument had a tip angled at 45 degrees to allow easy access to the subretinal space. Thumann et al were able to ensure consistent delivery of the cell sheet, without rolling or folding, and simply used micro tweezers to ensure satisfactory positioning. 42 Stanzel et al have described a custom-made implant shooter instrument to deliver polyester membrane inserts, some of which were gelatin covered, to facilitate implant loading and delivery. The investigators performed pars plana vitrectomy and induced a subretinal bleb with a 41-gauge needle, and utilised a novel infusion cannula with two side ports, to reduce the stream of fluid over the subretinal bleb, thereby avoiding collapse of the bleb or uncontrolled tearing of the retinotomy. 78 Despite elegant demonstration of delivery into the appropriate anatomical space, implantation of polyester implants without RPE cells resulted in development of a multilayered fibrocellular scar tissue, and almost complete atrophy of photoreceptors overlying the implant, with evidence of intraretinal cyst formation on OCT scanning. This may have occurred because of the mechanical separation of photoreceptors from the RPE by the implant. Similar atrophic changes have been observed after subretinal implantation of artificial retina chips and it was hypothesised that a more permeable carrier may result in a better preserved outer retinal architecture. 78 Implantation into rabbit eyes of the polyester carrier with RPE derived from human embryonic stem cells resulted in 95% survival at four weeks. 79 Prevention and control of PVR PVR is an inflammatory and fibrotic process that occurs in patients with retinal holes or tears. It is caused by the migration and proliferation of RPE cells, and RPE cells have been identified in formed PVR membranes. 80 The prospect of an iatrogenic, albeit localised, retinal detachment by creation of a retinotomy, followed by insertion of donor RPE cells on a scaffold, possibly preceded by debridement of the existing RPE, is likely to allow significant RPE migration into the vitreous cavity and subsequently on to the surface of the retina, leading to PVR membrane formation and contraction. PVR over the macula causes preretinal membrane formation. Contraction of this membrane can lead to visual distortion and visual loss. PVR over the peripheral retina can cause retinal traction and subsequent retinal detachment. At around 10%, the rate of PVR development is similar for patients undergoing injection of a subretinal RPE cell suspension 81 and patients receiving an RPEchoroid graft from within the macular area. 25 Harvesting a peripheral RPE-choroid graft seems to produce a slightly higher rate of PVR and potential reasons for this include release of RPE cells during peripheral harvesting, traumatic enlargement of the macular retinotomy for graft insertion, or continued release of RPE postoperatively from the bed of the donor site. 82 There is no demonstrable difference in PVR rate between superior and inferior donor sites, suggesting that there is no advantage from attempting to avoid the inflammatory aqueous milieu in the inferior retina that may not be in direct contact with tamponade. 82 Although some authors report the use of pharmacological agents to prevent PVR development, none of these is used in routine clinical practice. The use of silicone oil as an intraocular tamponade has been well described in the prevention and control of PVR, 83 although a recent Cochrane review could find no major difference between silicone oil and C 3 F 8 gas tamponade. 84 
Future prospects
There are a number of clinical trials already underway to evaluate the safety and efficacy of RPE cell transplantation for patients with AMD or other retinal degenerative disorders. Only one trial will use RPE cells derived from iPSC, and all other trials will use RPE cells that have been derived from hESCs. In addition to the challenges already described earlier, cells for transplantation need to meet strict standards of quality, quantity, consistency and safety, which in the UK are governed by the Good Manufacturing Practice (GMP) standard.
Ocata Therapeutics, formerly named Advanced Cell Technology, is a biotechnology company that provides ESC-derived RPE and is the sponsor of three separate Phase I/IIa trials to evaluate safety and tolerability of subretinal RPE transplantation in patients with one of three diseases: Advanced Dry AMD, Stargardt's Macular Dystrophy, and Myopic Macular Degeneration. In each of these trials, the study patients will undergo vitrectomy followed by subretinal injection of a cell suspension of RPE cells derived from ESC. The Advanced Dry AMD trial (ClinicalTrials.gov Identifier: NCT01344993) has recently reported its early findings. It recruited nine patients with dry AMD, and had three cohorts, each with three patients. Each cohort received a different number of transplanted RPE cells (50 000, 100 000 or 150 000). Of note, this trial did not attempt to replace BrM, nor does it deliver the transplanted RPE cells into the subretinal space as a polarised monolayer. This is only a safety/tolerability study, yet six of the nine patients showed a visual acuity improvement of at least 11 letters. The usefulness of RPE transplantation in patients in patients who already have poor vision owing to secondary photoreceptor atrophy is unclear. It is hoped that the subsequent Phase III trial will yield valuable information.
The London Project to Cure Blindness (ClinicalTrials. gov Identifier: NCT01691261) aims to utilise human ESC to derive RPE cell sheets, rather than a cell suspension. This cell sheet will be supported by an engineered scaffold, to assist delivery and survival in the subretinal space of patients with recent rapid visual decline.
Masayo Takahashi leads the Laboratory for Retinal Regeneration at the Riken Institute in Japan, which has generated human iPS-derived RPE cell sheets without the use of any artificial scaffolds. A study of transplantation of a 1.3 mm × 3 mm RPE cell sheet in human subjects with exudative age-related macular degeneration (JPRN-UMIN000011929) is underway, with the first patient receiving transplantation in September 2014. This study is of great interest not only because of the decision to avoid using an artificial scaffold to support the RPE cells, but also because this is the first ever human clinical trial to use iPS-derived cells. The outcomes of this trial are anxiously awaited.
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